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Abstract 

We consider a right-handed scalar neutrino as the inflaton which carries a gravitational 
coupling with a supersymmetric QCD sector responsible for breaking supersymmetry 
dynamically. The framework suggests an inflaton potential which is a deformed version of 
the quadratic chaotic inflation leading to a flatter potential. We find that this deformation 
results a sizable tensor to scalar ratio which falls within the allowed region by PLANCK 
2015. At the same time supersymmetry breaking at the end of inflation can naturally be 
induced in this set-up. The symmetries required to construct the framework allows the 
neutrino masses and mixing to be of right order. 


1 Introduction 

The inflationary paradigm is well accepted as a successful theory of the early universe with 
its interpretation of several shortcomings of the Bigbang cosmology in an economic way. This 
hypothesis is further strengthened by its prediction on the primordial perturbations that leads 
to the striking agreement with the observation of the cosmic microwave background (CMB) 
spectrum. Among the various models of inflation, large field inflation models receive a lot 
of attention these days, particularly after the claim of BICEP2 [T], due to their ability to 
produce a large tensor to scalar ratio (r). Although this particular claim is shadowed by the 
recent release of PLANCK 2015 [2l[3] data which provides an upper bound on r as r ~ 0.11, 
large field inflation remains as an interesting possibility to explore in view of future search 
for observing tensor perturbations in CMB by PLANCK 2015 and other experiments with a 
greater accuracy. 

The chaotic inflation in supergravity (SUGRA) as proposed in [HIS] having a scalar poten¬ 
tial of the form V = is possibly the simplest scenario of this sort of inflation model [6] 

with its prediction of r as 0.13. The mass scale m turns out to be of order 10^^ GeV. Within 
this large-held inhationary scenario, the inclusion of supergravity induces a particular prob¬ 
lem (known as the t] problem). This is caused by the held value of the inhaton (y) during 
inhation, which exceeds the reduced Planck scale Mp ~ 2.4 x 10^® GeV, and thereby spoiling 
the required degree of hatness of the inhationary potential through the Planck-suppressed 
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operators. In [3], a shift symmetric Kahler potential associated with the inflaton field was 
considered to cure this problem. However the PLANCK 2015 m suggests a modification of 
the standard chaotic inflation as it barely enters into the 2a range of n* — r (spectral index 
vs. tensor to scalar ratio) plot. Analyses [7l[8] with PLANCK 2013 [9] data followed by the 
BICEP2 [T] suggest modification of the Kahler potential by introducing a shift-symmetry 
breaking term. A general deformation of the chaotic superpotential by including higher order 
terms with very small coefficients has been exercised in mm- All these analyses would be 
further restricted by the recent release of PLANCK 2015 mm data. 

It has long been exercised how an inflationary scenario can be linked with the particle 
physics framework. In this regard, neutrino physics can provide an interesting possibility. 
It is well known that the smallness of the light neutrino mass can be explained by 

type-I seesaw mechanism which enforces the inclusion of heavy right handed (RH) neutrinos 
[N). In a supersymmetric theory, the close proximity of the mass scale of these heavy RH 
fields and their superpartners (sneutrinos) with the mass parameter m involved in the chaotic 
inflationary potential as mentioned before, suggests that the sneutrino can actually play the 
role for the inflaton. Indeed, it was shown mm that the standard chaotic inflation can 
actually be realized including them. Another interesting aspect of a supersymmetric model of 
inflation is its relation with supersymmetry breaking. From the completeness point of view, a 
supersymmetric structure of an inflationary scenario demands a realization of supersymmetry 
breaking at the end of inflation. Though during inflation, the vacuum energy responsible for 
inflation breaks supersymmetry (at a large scale of order of energy scale of inflation), as 
the inflaton field finally rolls down to a global supersymmetric minimum, it reduces to zero 
vacuum energy, and thereby no residual supersymmetry breaking remains. 

In this work, our purpose is two fold; one is to modify the standard sneutrino chaotic 
inflation so as to satisfy the PLANCK 2015 [2l[3] results and other is to accommodate super- 
symmetry breaking at the end of inflation. We consider two sectors namely (i) the inflation 
sector and (ii) the supersymmetry breaking sector. The inflation sector is part of the neu¬ 
trino sector consisting of three RH neutrino superfields. There will be a role for another 
sneutrino during inflation, which will be unfolded as we proceed. We identify the scalar field 
responsible for inflation to be associated with one of these three fields. The scalar potential 
resembles the standard chaotic inflation in the supergravity framework assisted with the shift 
symmetric Kahler potential. The superpotential involving the RH neutrino responsible for 
inflation breaks this shift symmetry softly. We have argued the smallness associated with 
this shift symmetry breaking parameter by introducing a spurion field. In this excercise, we 
also consider discrete symmetries to forbid unwanted terms. For the supersymmetry breaking 
sector, we consider the Intriligator-Seiberg-Shih (ISS) model [T7| of breaking supersymmetry 
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dynamically in a metastable vacuum. This sector is described by a supersymmetric gauge 
theory and henceforth called the SQCD sector. These two sectors can have a gravitational 
conpling which in turn provides a dynamical deformation of the standard chaotic inflation. 
Again the coupling strength between these two sectors can be naturally obtained through 
another spurion. As the inflaton field approaches its minimum once the inflation is over, this 
interaction term becomes insignificant and finally the two sectors are effectively decoupled. 
However the hidden SQCD sector fields stabilize in metastable vacuum, hence supersymmetry 
breaking is achieved as a remnant of inflation. Earlier attempts in connecting the inflation 
and ISS type supersymmetry breaking can be found in |181121j . A global symmetry 

plays a pivotal role in shaping the ISS model of dynamic supersymmetry breaking. Once the 
supersymmetry is broken in the hidden SQCD sector, the effective supersymmetry breaking 
scale in the Standard Model sector is assumed here to be developed by the gauge mediation 
mechanism. To materialize this, the ISS model requires a modification for breaking C/(I)/j. 
In this context we follow the proposal in [22] and show that this can easily be adopted in 
our set-up. Furthermore, as the RH neutrino snperfields are part of the inflation sector, 
which obeys the same D(l)/j symmetry, their charges are already fixed. The same 

RH neutrinos also contribute to the light neutrino mass matrix through type-I seesaw mech¬ 
anism. We find that the D(l)/j charges of various fields involved along with their charges 
under the discrete symmetries imposed can actually predict an inverted hierarchy of neutrino 
masses. We provide an estimate of reheating temperature in this context and also comment 
on leptogenesis. 

Below in section [2l we briefly discuss the standard chaotic inflation in the supergravity 
framework. Then we will discuss about the ISS model of dynamic supersymmetry breaking 
in section [3] followed by the role of interaction term between the two sectors in section [H The 
dynamics of the fields during and after inflation are discussed in section [5] and [7] respectively. 
The prediction for this modified chaotic inflation are presented in section |BJ In section jS] we 
have shown that a deformation to the SQCD sector can be achieved which is related to the 
U{1)r symmetry breaking. In section (9] we discuss the implication of neutrino masses and 
mixing that comes out of the present set-up. We comment on the reheating temperature and 
leptogenesis in section [10]. Finally we conclude in section [TTl 

2 Standard sneutrino chaotic inflation in supergravity 

We start this section by reviewing some of the features of the standard chaotic inflation in 
supergravity where the scalar partner of a RH neutrino (say Ni among the three RH super¬ 
fields A^i=i, 2,3 involved in type-I seesaw for generating light neutrino mass) serves the role of 
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inflaton. Sneutrino chaotic inflation [T2|[T^[T^[T6] gains much attention from the perspective 
of particle physics involvement. Mass of the inflaton and in turn mass of that particular 
RH neutrino (in the supersymmetric limit) can be fixed by the magnitude of curvature per¬ 
turbation spectrum in this theory. In AA = 1 SUGRA, the superpotential is considered to 
be 


along with the Kahler Potentia 


fi 


Wiq = mNiN2, 


kn = 


2 


( 1 ) 

( 2 ) 


Note that a shift symmetry, Ni ^ Ni + C, where C is real having mass dimension unity, is 
imposed on the Kahler potential, whereas the superpotential breaks it. Thus the parameter 
m can be regarded as a shift-symmetry breaking parameter. 

The parameter m being much smaller than Mp, the term in the superpotential Wn would 
be natural in’t Hooft’s sense [23] of increased symmetry in the limit m —^ 0. The smallness 
associated with m can be explained with the introduction of a spurion field zi as shown in [5]. 
Also the higher order shift symmetry breaking terms involving A^i can be controlled in an 
elegant way through the introduction of zi. Suppose the spurion field zi transforms under 
the shift symmetry as. 


iVi 


hence Nizi combination remains shift symmetric. At this stage, a discussion on U{l)p 
symmetry is pertinent. There exists a global U (1)_r symmetry under which the superpotential 
W has 2 units of R-charges. However note that with the presence of shift symmetric Kahler 
potential involving A^i, A^i can not possess a global U{1)r charge. Therefore N 2 should carry 
R-charge 2, while R-charges of Ni and zi are zero. Furthermore, we consider a Z 2 symmetry 
under which only A^i and N 2 are odd. Combining the shift symmetry, U{1)r and the Z 2 
(charges are specified in Tabled]), we can write the general superpotential for VF/v as 


1K|, = [ziA^i + a3(^iA'i)" + (4) 

As the zi gets a vacuum expectation value (vev) ~ m which is small compared to Mp, we can 
argue that the shift symmetry is softly broken. Simultaneously the higher order terms (with 
coefficient a* ~ 0{1)) are negligibly small and hence we are essentially left with our working 
superpotential VTat in Eq.([T|). 

The importance of having this shift symmetry can be understood as discussed below. 
F-term scalar potential is calculated using the following standard expression, 

jVFp- 


Vf = e 


_K ^ 
M 


DiWR-^.DpW* - 3- 


m2 J’ 


( 5 ) 


^Kn also involves INap, which we do not put here for simplifying our discussion. 
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where DiW = ^p+Ki/Mp and the subscript i labels a superfield /j. Due to the imposed shift 
symmetry on A^i, the Kahler potential (or depends only on the imaginary component 

of A^i- The real component of A^i therefore can be considered to be the inflaton (hereafter 
denoted by x)- Its absence in the Kahler potential allows it to acquire super-Planckian value 
during inflation, which is a characteristic of large field inflation models. Assuming that c 
inflation, all other fields (including N 2 as well) except the inflaton are stabilized at origir 
inflationary potential becomes The standard slow roll parameters are defined 

as 


uring 

the 


e 


MlV 

—Kv) = 


( 6 ) 


where / denotes the derivative of the potential with respect to inflaton field. Number of 
e-foldings can be calculated by the following. 


Ne 


1 r^* 

Tip JXend 



( 7 ) 


Other cosmological observables like spectral index (n^), tensor to scalar ratio (r), curvature 
perturbation spectrum(P^) are given by 


Us = I - 6e + 2 t]; 


r = 16e; P(^ = 


V 

24Mp^’ 


( 8 ) 


respectively. Chaotic inflation with then predicts 


Us ^ 0.967 and r ~ 0.13, (9) 

where N^, = 60 is considered. Inflation starts at y* = 15.5Mp and ends at = y/2Mp. 
The value of m turns out to be ~ 10^^ GeV so as to produce the correct order of curvature 
perturbation spectrum = 2.2 x 10“®. Note that this m falls in the right ballpark for gen¬ 
erating light neutrino mass through type-I seesaw. However in view of the recent PLANCK 
update mm, this minimal model is almost outside the 2a region of n<j — r plot. So a modi¬ 
fication of the minimal model is of utmost importance. As we have mentioned before, there 
has been some suggestions toward this [241428] . In this work, our approach to accommodate 
chaotic inflation within the present experimental limit is to couple it with the supersymme¬ 
try breaking sector. This coupling serves as a dynamic modification to the minimal chaotic 
inflation. To discuss it in detail, in the following section we present a brief summary of the 
ISS model of dynamical supersymmetry breaking. 


^Particularly for N 2 , this can be ensured by adding a non-canonical term in the Kahler as ^1^21“*/ [2Mp] 
with C 1 [ll- 


5 







3 SQCD sector and supersymmetry breaking in a metastable 


vacuum 

It is evident from the F-terms (in particular Fjsi^ = mNi) oiWN in Eq.([T]) that during infla¬ 
tion, supersymmetry is broken at a very high scale since the inflaton (y field = real part of N\) 
takes a non-zero super-Planckian value. However once the inflation is over, the y field finally 
acquires a field-value zero (y = 0 is the global minimum) as evident from the minimization of 
the potential = m^y^/2. Hence there is no supersymmetry breaking associated with this 
minimum. It is expected that there should be a small amount of supersymmetry breaking left 
at the end of inflation so that an effective supersymmetry breaking in the supersymmetric 
version of the Standard model or its extension can be introduced. In this work, we consider 
the inflation sector to be assisted by a separate hidden sector responsible for supersymmetry 
breakinj^. We consider the hidden sector to be described by a supersymmetric gauge the¬ 
ory similar to the one considered in the ISS model of dynamic supersymmetry breaking m- 
Recently a proposal [SUES] of generating chaotic potential for a strongly interacting super- 
symmetry gauge theory is analysed which leads to a fractional chaotic inflation. However in 
our approach we consider the SQCD sector to provide a deformation to the sneutrino contri¬ 
bution to the minimal chaotic inflation, and at the end of inflation, this serves as the hidden 
sector of the supersymmetry breaking. The effective supersymmetric breaking in the stan¬ 
dard supersymmetric gauge and matter sector (MSSM or its extension) requires a mediation 
mechanism from this hidden sector. Here it is considered to be the gauge mediation. 

The ISS model is described by the J\f = 1 supersymmetric SU{Nc) gauge theory (called 
the electric theory) with Nf flavors of quarks (Q) and antiquarks (Q). A is the strong 
coupling scale of this theory. Below this scale A, the theory is described by its magnetic dual 
SU{N = Nf — Nc) gauge theory with Nf flavors of magnetic quarks qf, qf (with i = l....Nf 
and c = 1....N). It is interesting to note that this theory is IR free, provided Nc -|- 1 < Nf < 
^Nc- The elegance of the ISS model lies in its UV completion of the theory. There also exists 
a Nf X Nf gauge singlet meson field $ = QQ/A. With the introduction of quark mass term 
in the electric theory {SU{Nc) gauge theory), 

We = mQTiQQ, ( 10 ) 

with niQ < A, the IR free magnetic theory becomes 

Wiss = hTriq^q) - VTr($), (11) 


^Another approach to accommodate supersymmetry breaking after chaotic inflation is exercised in 
with an introduction of a Polonyi field. 
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along with the dynamical superpotential 

( 12 ) 

where h ~ 0(1) and p <C A and by duality = mgA. Note that there exists a U(l)ji 
symmetry under which Wjss and hence $ carry i?-charge of 2-units. R charge of QQ com¬ 
bination turns out to be two as well from the relation = QQ/A. However the R symmetry 
is explicitly broken by the Wdyn term. All the helds in this sector are considered to be even 
under the Z 2 symmetry considered. The Kahler potential is considered to be canonical in 
both electric and magnetic theories. It is shown in m that there exists a local minimum 
given by 

(g> = (f) = ^^\ y (^) = 0, (13) 

V ) 

with vacuum energy Vjss = Supersymmetry is broken in this minimum by the 

rank condition. Note that Wdyn is almost negligible around <I> = 0. The interplay between 
second term in Ea. IfTT]) and the Wdyn suggests an existence of a SUSY preserving vacuum at 

, Nf-3N 

( 1 ) = if) = 0, (K) = (14) 

where e = -y and the corresponding vacuum energy Vq = 0. With e <C 1, it was shown in m 
that the local minima in Eg. (1131) is a metastable one. 


4 Interaction between neutrino and SQCD sectors 


We consider Wn as the superpotential describing the inflation with Ni playing the role of 
inflaton. In this section our endeavor is to couple the inflaton with the SQCD sector. We 
assume that the two sectors can communicate with each other only through gravity. The 
lowest dimensional operator consistent with the set-up is therefore given by, 


lUint 


/3 


N/TiiQQ) 

Mp 


(15) 


where /3 is a coupling constant. We consider /3 to be much less than unity. Similar to Wjss, 
Wint also respects the U(1)r and hence linear in 1A(QQ) having R-charge 2. Among Ni and 
N 2 , it is therefore the A^i field only which can couple (N 2 carries 2 units of R-charge) with 
the ISS sector. Since the interaction between the two sectors are assumed to be mediated by 
gravity only, the interaction term is expected to be Mp suppressed. Hence Hint in Ea. dT^ 
serves as the minimal description of the interaction between the two sectors. Being a shift- 
symmetry breaking parameter, the origin of /3 can be explained with the introduction of 
another spurion field Z 2 which transforms as Z 2 (]vl+cR '^2 under shift symmetry. We 
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consider Z 2 to be even under the Z 2 symmetry and it does not carry any R charge. On the 
other hand, QQ combination is even under Z 2 . We introduce another discrete symmetry Z 4 
under which Z 2 carries a charge i as well as QQ carrying charge —i. Hence mg also carries a 
Z 4 charge i as seen from Eg. ljlOp . Application of this symmetry forbids dangerous term like 
{z 2 N^)^iNiN 2 ^ general superpotential involving Z 2 N‘f can be obtained as 


wL = 


Tr(QQ ) iz 2 N^ , , iz 2 N^) 
Mp 


Mp 


+ ^5 


Mi,2 


+ 


(16) 


where 65 corresponds to respective coupling. Terms involving quadratic, cubic, and quartic 
powers of (^; 2 A^i) are not allowed from the Z 4 charge assignment as considerecj^. Therefore (3 
is obtained through /3 = {z 2 )/Mp. Note that with /3 ~ 10“^ (as we will see), terms with 65 
and higher orders are negligibly small. 

Note that this interaction term in addition to the quark mass term mg present in We 
(see Eg. ([To]) '), generates an effective mass for the electric quarks, uiq = 13 + mg. Here we 
are particularly interested in the case when the effective mass of the quarks, rug, becomes 
larger than the cut-off scale A, i.e. when ttiq 3> A. Since mg is considered to be less than 
A in the ISS set-up, this situation can be achieved when the inffaton field Ni satisfies, Ni ^ 
[AMp/(3]^^'^. These heavy quarks can then be integrated out |30j to form an effective theory 
with a field dependent dynamical scale, Aefr(Ni). As all the quarks are getting large masses, 
the effective theory becomes a pure gauge theory with no flavors. Agg, can be determined by 
the standard scale matching of the gauge couplings of two theories at an energy scale E = m'q. 
With gNc.Nf and gNcfi are the gauge couplings of the SU{Nc) gauge theory with Nf flavors 
of quarks {Q,Q) {E > m'q) and pure gauge theory with Nf = 0 (E < m'q) respectively, the 
condition gN,,Nf{m'q) = gN^fl{m'q) gives 


I A J “ \aJ ’ 


(17) 


where b = SNg — Nf and bef / = 3Nc are the respective beta functions of gauge couplings of 
the two theories. Ag// in our set up turns out to be 




(18) 


where p = ^ and m'q is mostly dominated by term (i.e. when Ni ^ [AMp/[3]^^'^ and 
mq being much smaller than A can be neglected). As all the flavors are integrated out, the 
superpotential describing the effective theory is generated via gaugino condensation and is 


®With this new Z4 symmetry, term like 
term will be negligibly small. 


will be allowed in Wint- However contribution of this 
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given by m 




(19) 


Below we study the impact of this term on inflation governed by Ww- 


5 Modified chaotic potential and its implications to inflation¬ 
ary dynamics 


Here we will study the inflationary dynamics based on the superpotential, 

r2. 3(l-p) 


IHinf = Wn + Wjf, = mNiN2 + 


( 20 ) 


when Ni S> [AMp//3]^^^. Note that it indicates a modification of the chaotic inflationary 
potential obtained from Wjy only. In this section, we will study the outcome of this 
modified superpotential in terms of prediction of parameters involved in inflation. Depending 
upon p, the superpotential may contain fractional powers of Ni. In Ref [33], superpotential 
with non-integer power of superfields has been studied. It is shown there that the form 
of Kahler potential remains same irrespective of integer or non-integer power of superhelds 
involved in the superpotential. 

The Kahler potential is considered to be the same as K]\f in Eq.(|2|). We can write 

a + i6 


Ni = and iVa = 


( 21 ) 


y/2 y/2 

As discussed in section [J] we choose Xj the real component of A^i, as inflaton. Using Ea. (l2l5p 
and Eg. (IMP , the scalar potential involving y and a is given by 


Uinf(x,d) = A/^e' 






+ 


" 2-2 
m X 


1 - 


a 


a 


+ 3(1 -p)Ax5-6p^ + f + t) 

+ _L(1 _ )2^2-10-12P ^ jll^l2-12p/ _ 3 
^2m2^ ^ ^2m2^ V 8 16/1 


( 22 ) 


where A = —— ^ tilde indicates that the corresponding variable or parameter is 
scaled in terms of Mp, e.g. a = We follow this notation throughout this section only. As 
the electric quarks degrees of freedom [Q, Q) are integrated out we will not consider quarks 
anymore, as long as Ni S> \J■ Now one can wonder what happened to other two fields 
p and 5. Due to the presence of factor in the scalar potential Vp the effective mass of p 
during inflation will be large compared to inflaton mass(m2 ~ 6//2^f -|- m^) and hence it will 
quickly settle down to origin. We have checked numerically that the other field <5 also settles 
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at origin during inflation, having mass more than the Hubble. 


In this case, dynamics of inflation belongs to x — d plane. Note that in case of standard 
chaotic inflation as discussed in section [ 2 l the a held is considered to be at origin during 
inhation. Contrary to that, the dynamic modihcation of the scalar potential governed by 
forces the a held to have a nonzero vacuum expectation value in our case. Similar type 
of scenarios are discussed in [161124] . In order to get (a) in terms of Xj derivative of the scalar 
potential with respect to a and yields 


SHinf _ ^ 

da ® ' 


Ax 


5—6p 


ix' - 6 + 6p) + “ 18ji +V “ ^)} 

} 


+^^{Ax'-'=>’( 3 - 3j. - t)} + + 


,^ 12 - 12 , ^2 


-Q. - 2 

X m 


}]• (23) 


In order to minimize the scalar potential, we equate the above expression to zero (i.e. 

—Q^ ^ reduces to a hfth order polynomial equation in a. At this point we con¬ 
sider a specihc value of p (= 1 — 5 ^), the choice of which is guided by the construction of 
the ISS framework and a possible realization of U{1)r breaking through baryon deformation 
as we will discuss in section ( 8 ] Comparing the relative magnitudes of the terms involved in 
the hfth order polynomial and considering a to be sub-Planckian, we solve the equation for 
d in a perturbative way, the details of which is given in Appendix O Once (a) is obtained 
in terms of X) we replace a by its VEV in Eg. (1221) and potential responsible for inhation now 
becomes function of x only. Due to its very complicated functional dependence on x, we have 
not presented Vinf here. Instead in Fig(T] we have depicted the potential V (x) in terms of x 
for p = 4/7 (indicated by dashed line). Note that this potential is indeed hatter compared to 
the standard sneutrino chaotic inhation potential m, indicated in Eig{T]by the solid line. 


Eor completeness a shift symmetry breaking parameter (a) in the Kahler potential can 
also be introduced. The modihed Kahler potential will look like as 


K = Kn — a 


{m + Nlf 

2 


(24) 


with a <C 1. The scalar potential in Ea. (|22p will be modihed and takes a further complicated 
form. In this case we obtain the scalar potential as a function of x in a similar way. In Fig.([T]) 
we also plot Kinf(x) including the nonzero value of q;{~ 7 x 10“^} represented by dashed line. 
It is to be noted that introduction of a makes the shape of V[nf(x) even hatter. 
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Figure 1: Examples of inflation potential (V[nf) against x are presented. The solid, large- 
dashed and small-dashed curves represent (I) minimal chaotic potential with E[nf(x) = 
(II) modified V[nf(x) obtained from our set-up with a = 0 and (III) modified Vini{x) 
with a = 7 X 10“^ respectively. 

6 Results 

End of inflation occurs when slow roll parameters become unity i.e. e,ri 1. Solving the 
equalities we find inflaton field value at the end of inflation Xend — V^Mp. Now it is visible 
from E[nf (Xj <^) and Eq. (l23j) that we are left with two free parameters m and A once p is fixed. 
The value of (3 is taken to be 0(10“^) so that it satisfies A < m'q < Mp. We have performed 
a scan over these parameters and few of our findings are tabulated in Table [TJ We find m 
is mostly restricted by the value of curvature perturbation, while A helps decreasing r. We 
consider m to be below A. Also, we consider effects of non-zero a which is provided in Table 


A 

m 

X 

r 

Us 

8.90 X 10-“^ 

5.75 X 10"® 

14.95 

0.099 

0.965 

1.05 X 10"^ 

5.47 X 10"® 

14.55 

0.079 

0.961 

1.18 X 10"^ 

4.91 X 10"® 

13.92 

0.052 

0.954 


Table 1: Predictions for r, and x* are provided for sets of values of parameters m, A 
involved in Vinf- The dataset corresponds to = QO, a = 0, p = 4/7, /3 = 1.5 x 10“^ and 
values of (m. A, x*) are in Mp unit. 

El 

We find from Table [T] that corresponding to A = 1.05 x 10“^Mp, values of r ~ 0.079 
and Us ~ 0.96 can be achieved with m ~ 5.5 x 10“®Mp. To compare, with the same A, a 
somewhat lower value of r ~ 0.069 and ~ 0.96 are obtained with m = 5.5 x 10“®Mp and 
a = 0.0003. In obtaining Table [2l we have kept <C 1. In EiglJl we indicate the respective 
points of Table [1] by black dots and note that those points fall within the 2cj allowed range of 
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a 

m 

A* 

r 

rig 

0.0003 

5.390 X 10"® 

14.271 

0.069 

0.960 

0.0005 

5.300 X 10"® 

14.067 

0.063 

0.959 

0.0007 

5.156 X 10"® 

13.841 

0.055 

0.957 


Table 2: Predictions for r, Ug and x* &re provided for sets of values of parameters m and 
A involved in Vjnf- The dataset corresponds to = 60, A = 1.05 x 10“^Mp, p = 4/7, 
/3 = 1.5 X 10“^ and values of (m, x*) iii -Tfp unit. 

Ug—r plot from PLANCK 2015 [2l[3] safely. The solid line for N^, = 60 indicates the possible 
set of points (including the ones from Table [1]) that describe ng and r for different valnes of 
A. Similarly the other solid line corresponds to the set of points for = 55. The dashed 
lines describe the effect of introdncing a. Now we can have an estimate of the mass of the 5 
field {ms) during inflation. For A = 1.05 x 10“^Mp, m = 5.5 x 10“®Mp we found numerically 
=~ 1.2 during inflation. This ensures 5 field to be stabilized at origin. On the other 
hand, is found to be ~ 2.5 which indicates that the fluctuation of cr-field about (a) (in 
terms of y) is almost negligible. 



Fignre 2: Predictions for Ug and r as obtained including dataset from the modified chaotic 
inflation model (from Tabled]) indicated by dark dots for Nf, = 60. A solid line joining them 
represents the prediction of Ug and r while A is varied. Similar predictions for Ng = 55 are 
also included. The dashed lines correspond to the predictions by varying a while value of A 
is fixed at 1.1 x 10“^Mp (for = 55) and 1.05 x 10“^Mp (for A/ = 60). 
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7 Dynamics after inflation 


Once the inflation is over, the held x rolls down along the path as shown in Fig|T] and (a) 
also follows its VEV which is x dependent. Note that at the end of inflation, A^i still satisfies 
Ni ^ \J condition. However once A^i < A is realized, we need to relook into the term 
responsible for dynamic modification of chaotic inflation. As in this situation ttiq <C A, the 
electric quarks {Q,Q) can not be integrated out anymore and we can use the magnetic dual 
description of the ISS sector similar to Eg. lfTTI) and (fT^ . Therefore the superpotential for the 
ISS, describing the magnetic dual theory and the RH neutrino becomes 


Wm = hTx{q^q) — /i/i^Tr$ — + mNiN2. (25) 

Mp 

To discuss what happens to the A^i and the fields involved in SUSY breaking sector, let us 
calculate the E-terms as follows 

= hq'cQj - [hp + (26) 

Fg,=h<^iqF, F^,=hqi^), (27) 

= -^NiTr{^) + mN2, (28) 

Ivl p 

F]\f2 = mNi. (29) 


Similar to the original ISS model, here also all the T-terms can not be set to zero simul¬ 
taneously and hence the snpersymmetry breaking is realized. The scalar potential becomes 

V ={Nf- Nc)\hqq - hp - + Nc\hP + 

+ \hq^^ + \h^q\^ + \mN2 - ^ 

M p 

Supergravity corrections are not included in this potential as below the scale A, the SUGRA 
corrections become negligible. As long as A^i remains nonzero, the minimnm of q, q, ‘h and 
N 2 are given by 


A point related to (‘h) is pertinent here. In the ISS set-up, a classical flat direction is present 
in a smaller subspace of which is essentially lifted by the Coleman-Weinberg (CW) [IT] 
correction and (<I>) = 0 is achieved. In our set-up there exists a supergravity influenced mass 
~ for all the components of ^ once a canonical Kahler potential is assumed. This helps 
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to settle at origin. However once A^i moves to its own minimum which is at A^i = 0, this 
induced mass term vanishes and at that stage, CW correction becomes important to lift the 
flatness. For our purpose, we consider (<1>) to be at zero which serves as the local minimum 
of the theory. 


We will now concentrate on the potential involving Ni. Assuming all other fields are 
stabilized at their VEV (with {N 2 ) = 0 as (<h) = 0) the scalar potential involving Ni becomes 

PN^A. 


Hwi =iVc|V 


Mp 


+ m^\Ni\^ 


(32) 


Splitting Ni into real and imaginary components we get 

VNAx,ri) =Nch^\nf + + ri‘^ + 2x^v‘^) 


WA2/32 

4M|, 


m? hNc(3fj?A^ 




+ x\^ + 


m 2 


(33) 


2 Mp 2 Mp 

By equating with zero, we find (rj) = 0 provided m^ > ^ ■ This condition is 

easily satisfied in our analysis for the allowed range of m, A and N^. with the observation that 
/r can be at most ~ 10 ^^ QeV for gravity mediated supersymmetry breaking and h 0(1). 
In case of gauge mediatioin ^ can be even smaller. Therefore setting 77 = 0 Ea. (l33p becomes 


V^ = N,h^\^x\^ + X 


^Ncf3‘^A‘^ 2.rn'^ hNcPfj^A 


4M|, 


+ X (-;w + 


)• 


(34) 


2 Mp 

It clearly shows that y = 0 is the minimum of the potential with the vacuum energy Vb = 
1^. So when Ni settles to zero and reheats, the SQCD sector is essentially decoupled 




as VFint vanishes with Ni = 0. At this stage the ISS sector stands for the supersymmetry 
breaking in the metastable minima described by Eg. (1131) and (y) = 0. Reheat will depend on 
the coupling of A^i with other SM fields. 


8 Dynamical breaking of U{1)r 

In the construction of the ISS picture of realizing supersymmetry breaking dynamically, U (1)_r 
symmetry plays an important role. The superpotential W carries R-charge of two units. The 
$ field being linear in the superpotential must also carry the R-charge 2 and it is not broken as 
(<I>) = 0. A lot of exercises have been performed to achieve R-symmetry breaking in order to 
give mass to the gauginos. One such interesting approach is through the baryon deformation 
of Wm suggested by [22] . In [22] the authors considered the superpotential (for the magnetic 
theory) 

IF = + mqelelq^q'^^, (35) 
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with Nf = 7 and Nc = 5, where r, s = 1, 2 and i, j = 1,7 and = mgA. R-charges of 
q, q and are provided in Tableland reason behind this choice is elaborated in Appendix 
El With the specific choice of Nf and Nc, the last term is a singlet under the gauge group in 
the magnetic theory. It represents the baryon deformation, introduction of which shifts the 
(<I>) to a nonzero value ~ niq and thereby breaking R-symmetry spontaneously. In realizing 
this set-up it was assumed the associated global symmetry SU{Nf = 7) is broken down to 
SU{5) X SU{2) and the SU{5) after gauging can therefore be identified with the parent of 
the Standard Model gauge group. We follow this suggestion for breaking the U{1)r and 
argue that this approach and the conclusion of [22] are effectively unaltered by the additional 
interaction between the SQCD-sector and the inflation sector. In view of Ea. (l35p . the charges 
of q, q and under the discrete symmetries introduced in our framework are provided in 
Table [3l 


Fields 

q 

Q 


mq 

U{1)r 

1 

-1 

2 

0 

Z 2 

1 

1 

1 

1 

Z 4 

1 

i 

—i 

i 

Z 4 

1 

1 

1 

1 


Table 3: U{1)r, Z2, Z4 and Z4 charges of various fields involved in the modified ISS model. 


With the introduction of the additional interaction term (Wint), we can define an effective 
Heff in the superpotential with = ij? + Aj^. We hnd the minimal choice as in [22] 
Nf = 7 and Nc = 5, does not provide enough modification (or flatness) in terms of the 
inflaton potential. So we have chosen Nf = 9 and Nc = 7 so that the gauge group in the 
magnetic theory remains SU{2) as in [22]. The global symmetry SU{9) is expected to be 
broken into SU{2) x SU{7) explicitly. Taking both these modifications into account, we 
expect the conclusions of |22j are essentially remain unchanged, i.e. (<I>) is shifted by an 
amount ~ niq ~ and hence gauginos become massive. The detailed discussion of the 

U{1)r breaking is beyond the scope of this paper. Note that this sort of mechanism for 
breaking U{1)r holds for fj. > 10^ TeV as found in |22] . The upper limit on fi can be ~ 10^^ 
GeV, where gravity mediation dominates over gauge mediation. This range of /r is consistent 
in satisfying ^ relation also which keeps the (ry) at origin as discussed in section 

m 
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9 Neutrino masses and mixing 

We will discuss reheating and generation of light nentrino masses through the superpotential 

W = Wm, + + hiaNiLaHu- ( 36 ) 

Wm is as described in Eq. (l 25 h . The second and third terms represent the mass term for the 
third RH neutrino and the neutrino Yukawa couplings with all three RH neutrinos respectively. 
Note that the superpotential respects the symmetry and therefore the choice of R- 

charges of the SU{ 2 )l lepton doublets further restricts the Yukawa interaction terms. 


Eields 

Ni 

N2 

N3 

Li 

L2 

A3 

Hu^d 

Zl 

2:2 

^3 

U{1)r 

0 

2 

1 

2 

0 

0 

0 

0 

0 

0 

Z2 

-1 

-1 

1 

1 

-1 

-1 

1 

1 

1 

-1 

Z4 

1 

1 

1 

1 

1 

1 

1 

1 

i 

1 

Z4 

1 

1 

1 

—i 

1 

1 

1 

1 

1 

i 


Table 4 : U{ 1 )r, Z2, Z4 and Z4 charges of the RH nentrinos, Higgs and Lepton doublets. 


With one such typical choice of i?-charges (only) specified in Table-lH the allowed Yukawa 
terms are given by, 


Wy 3 hiiNiLiHu + h22N2L2Hu + h 23 N 2 L^Hu- ( 37 ) 

The coefficient hu can be explained through the vev of another spurion Z3 which transforms 
similar to zi under shift symmetry while odd under the Z2 symmetry considered. A term in 
the superpotential (yizsNiLiHu)/Mp then generates hu = yi{z3)/Mp. Here we incorporate 
another discrete symmetry Z4 under which Z3 has charge i and Li carries —i. All the other 
fields transform trivially under Z4 as seen from Table [H The new Z4 helps disallow the 
unwanted termj^ like (^3Ni)^iNiN2 zsNiJvQQ ^ superpotential in Eq. (| 2 ^ and Eq. ( 136 )) 
and Wy in Ea. () 37 l) determine the structure of the RH neutrino mass matrix and the Dirac 
neutrino mass matrix as 




m 

0 ^ 


^hu 

0 

0 ^ 

Mr = 

m 

0 

0 

; mp = {Hu) 

0 

^22 

^23 


u 

0 

m 3 j 



0 

0/ 


with £m = ^ Here we have incorporated the ( 4 >) related to the deformation as 

discussed in section [HI 

^Even with the new Z4, ^^g allowed, however this term turns out to be very small. 
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Light neutrino mass-matrix can therefore be obtained from the type-I seesaw 
bution niy = and is given by 

/ 0 
hiih22 
\h11h23 


rriu = 


{Hu 


m 


hiih22 

^m^22 


hiih23 

emh22h23 


\ 


^22^23 

m 


contri- 


(39) 


/ 


Note that all the terms involving Em/m are much smaller compared to the 12(21) and 13(31) 
entries of rriy. Once the terms proportional to EmI'En are set to zero, niy coincides with the 
neutrino mass matrix proposed in [35] leading to an inverted hierarchical spectrum of light 
neutrinos. The above texture of mu in Ea. (l39p then predicts 




2.,2 


K V. 


u ^rn 


m 


Ami2 ^ 


K^hllV^ 


and Am 23 


2 m \ m 
2 k^/i? 


ll^u 


(40) 

(41) 


m^ V m / m^ 

where /i 22 — /123 = k is assumed for simplicity and (Hu) = Vu- It also indicates a bi-maximal 
mixing pattern in solar and atmospheric sectors along with @13 ~ 

Now as m is essentially determined from the inflation part in our scenario, we find hu 
of order ~ 0(10“^) to get correct magnitude of — 2.5 x 10“^ eV^ [36] with Vu = 174 

GeV and k = 1 . At first sight it is tantalizing to note that with ^ “C 1 and we could also 
accommodate Amf 2 (— 7 x 10“® eV^ [SS]). However ^ ~ ~ < 0(10“®) and it 

turns out to be too small (a value of ^ ~ 10 “^ could fulfill the requirement) to explain the 
solar splitting correctly. Therefore small but relatively larger entries are required in place of 
(^) fsrms in m- A possible source of these terms could arise in our case from higher 
order R-symmetry breaking terms. The mixing angles 0 i 2 , ^13 can be corrected from the 
contribution in the charged lepton sector. We do not explore this possibility in detail here. 
It could as well be the effect of renormalization group evolutions as pointed out by m , or 
even other sources {e.g. type-II contribution as in [38]) of neutrino mass. 


10 Reheating 

As soon as Hubble parameter becomes less than the mass of the inflaton, Ni starts to oscillate 
around its minimum and universe reheats. The estimate of h helps us determining the reheat 
temperature. The decay of Ni is governed through the W in Ea. pU|l . The decay width 
therefore is estimated to be 

i9Ac-2 m /,2y, 

(42) 


_(2 k2 + /i2 ^) 

I 7Vi — - 


SVT 

neglecting the effect of Em term. The corresponding reheat temperature is obtained as 

_ / 45 \ 1/4 


Trh 


\2Ti‘^g, 


v^TjViMp ~ 4 X 10^^ GeV, 


(43) 
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where m ~ 10“®Mp is considered and k ~ 0{1), as obtained from the discussion of the 
previous section. Such a high reheating temperature poses a threat in terms of over abundance 
of thermally produced gravitino^. Their abundance is mostly proportional to the reheat 
temperature [¥T1 . 


Y3/2 - 2 X 10-9 


Trh \ 
1013 GeV/’ 


(44) 


where ^3/2 = with 713/2 as the number density of gravitinos and s is the entropy density. 

These gravitinos, if massive, then decays into the lightest supersymmetric particles (LSP) and 

can destroy the predictions of primordial abundance of light elements. On the other hand, if 

gravitino is the LSP, the reheating temperature can not be as high as mentioned in our work. 

This problem can be circumvented if the gravitinos are superlight, e.g. 7113/2 ~ 16 eV |42j . 

Such a gravitino can be accommodated in the gauge mediated supersymmetry breaking. In 

2 

our set-up, /i is the scale which in turn predicts the gravitino mass through 7113/2 — . 

Therefore with /i ~ 10^ GeV, such a light gravitino mass can be obtained. Another way to 
circumvent this gravitino problem is through the late time entropy production [43]. Apart 
from these possibilities one interesting observation by [H] could be of help in this regard. The 
author in [H] have shown that once the messenger mass scale (in case of gauge mediation of 
supersymmetry breaking) falls below the reheat temperature, the relic abundance of thermally 
produced gravitinos becomes insensitive to Trh and a large Trh rsj IqIS 14 QgY 
realized. 

Finally we make brief comments on leptogenesis in the present scenario. Gonsidering 7113 <C 
711, N 2 , would contribute mostly for the lepton asymmetry production. The GP asymmetry 
generated can be estimated as |l5| 


€3 


3 1 

(r71^r7lD)33 




(45) 


Here rriD represents the rotated Dirac mass matrix in the basis where Mr is diagonal. It is 
found that CP-asymmetry exactly vanishes in this case. We expect this can be cured with 
the introduction of higher order U{1)r symmetry breaking terms which could be introduced 
into rriD and mJ^. Then similar to [l6|, a non-zero lepton asymmetry through the decay of 
A^3 can be realized. 


®Note that the chaotic inflation is free from gravitino problem indeed for the non-thermal decay of inflaton 

[saiin]. 

®We have already mentioned about this possibility of inclusion of such (small) term in the previous section, 
that can correct the Ami 2 and the lepton mixing angles. 
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11 Conclusion 


We have considered the superpartner of a right-handed neutrino as playing the role of infla- 
ton. Although a minimal chaotic inflation scenario out of this consideration is a well studied 
subject, its simplest form is almost outside the 2a region of recent Ug — r plot by PLANCK 
2015. We have shown in this work, that a mere coupling with the SQCD sector responsible 
for supersymmetry breaking can be considered as a deformation to the minimal version of 
the chaotic inflation. Such a deformation results in a successful entry of the chaotic inflation 
into the latest Ug — r plot. Apart from this, the construction also ensures that a remnant 
supersymmetry breaking is realized at the end of inflation. The global U{1)r symmetry plays 
important role in constructing the superpotential for both the RH neutrino as well as SQCD 
sector. We have shown that the shift-symmetry breaking terms in the set up can be accom¬ 
modated in an elegant way by introducing spurions. Their introduction, although ad hoc, 
can not only explain the size of the symmetry breaking but also provide a prescription for 
operators involving the RH neutrino superhelds (responsible for inflation) in the superpoten¬ 
tial. With the help of the R-symmetry and the discrete symmetries introduced, we are able 
to show that light neutrino masses and mixing resulted from the set-up can accommodate 
the recent available data nicely, predicting an inverted hierarchy for light neutrinos. However 
there still exists a scope for further study in terms of leptogenesis through the R-symmetry 
breaking terms. 


Appendix 


A Finding the root of a. 

Setting = 0, we get a fifth order polynomial equation in a of the form. 


a 


— +a^ + ki 


^ 6(1-p) , 6(1-p) 

1-tt;-1- <7 1 T-tt; 




U 




I --1 

/ 4 J 


-I- k2a = 0, 


(46) 


where ki = and k 2 = ^ 1 + x^° ■ Here we disregard 

the first and third terms from the coefficient of a^ in Eq. ()2.Sp as x being greater than one 
- 2 ~2 ___ 
during inflation, is the dominant contribution. We now try to solve the Ea. (l46p to 

express (a) in terms of x- doing so, note that x being inflaton is super-Planckian while a 

remains sub-Planckian (a < 1) during inflation. Also the parameters involved, A and m, are 

considered to be much less than one (in Mp unit). A, m <C 1 with Ax 1. We have also 

taken A>rh. Since the added contribution via Hint is expected to provide modification only 
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on the minimal chaotic inflation, it is natural that m should be close to 10^^ GeV (also x is 
expected of order 0(10)). These consideration keeps ki to be less than one (fci < 1) although 
k 2 can be somewhat larger. 

With p = 4/7, we And can be neglected and the Eg. (1461) then reduces to the form 

~ 5 

Y + + k2d- + C3^ = 0, (47) 

where ci = ki(^— 7^^ and C3 = ki^l — The coefficient of being 1/2, the term 

can be considered as a perturbation over the cubic equation in a, as indicated by the first 
brackets in Eq. (1471) . Let do be the solution of this cubic part of Eq. (1471) and the analytic form 
of it can easily be obtained (for real root). Then we consider the solution of Eg. (1471) as 

d = do + edi + 6^5-2 + 6^5-3, (48) 


with e = 1/2 (coefficient of <75 term) as a perturbation parameter. Finally we get 


-Un 


CTl = 


0-2 = 


0-3 = 




k 2 + 2cido + Sctq 
—ScjQdi — 3dodf — cidf 
k2 + 2cido + 3d^ 

—5a'Qd2 — lOdQfjf — 6dodia'2 — df — 2cidid2 


(49) 

(50) 

(51) 


k2 + 2cido + 3do 

We have checked numerically (using mathematica) that this perturbation method for solving 
the fifth order polynomial equation as in Eo. ()46p works reasonably well. For comparison, 
we have included Figl3] where (a) is depicted against the variation of x (particularly during 
inflation when x acquires super-Planckian value). The solid line represents the VEV of d 
as obtained from our perturbation method and the dashed line gives the exact numerical 
estimate of (d) from Eo. (14Ul) . In order to get l^nf in terms of Xi we have used the analytic 
form of (d) obtained through this perturbation method. 


B R charges of various fields 

Here we discuss the i?-charge assignments for the various fields involved in our construction. 
Firstly in Tabled we include various U{1) global charges associated with massless SQCD 
theory {Nf = 9, W = 7) following [30]. However once the term mgTrQQ is included in the 
UV description and a baryonic deformation (through mqqq term in Eo. (l35l) l is considered as 
well in the magnetic description, there exists a residual U{1)r symmetry only. The charges 
of the fields in the magnetic description can be obtained m from 

o 90 

R=-B + -A + R'. (52) 
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<<^) 



(dashed line). 


Eields 

U{1)b 

Uil)A 

Uil)R' 

Q 

1 

1 

2 

9 

Q 

-1 

1 

2 

9 

A 

0 

3 

2 

0 

W 

0 

0 

2 


7 

1 

7 

Q 

2 

4 

9 


7 

1 

7 

Q 

2 

4 

9 

4> 

0 

1 

2 

4 

9 


Table 5; Global charges of various fields in a massless SQCD theory [30]. 


This redehned R-charges are mentioned in Table [3| The superpotential in Eg. (1361) respects 
this I7(l)ji symmetry. Prom d> = Tr(QQ)/A, the QQ combination has two units of i? charges. 
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